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Abstract
There is a debate concerning mono- or poly-phyletic origins of the Near Eastern crops. In
parallel, some authors claim that domestication was not possible within the natural range of
the wild progenitors due to wild alleles flow into the nascent crops. Here we address both,
the mono- or poly-phyletic origins and the domestications within or without the natural range
of the progenitor, debates in order to understand the relationship between domesticated
chickpea (Cicer arietinum L.) and its wild progenitor (C. reticulatum Ladizinsky) with special
emphasis on its domestication centre in southeastern Turkey. A set of 103 chickpea culti-
vars and landraces from the major growing regions alongside wild accessions (C. reticula-
tum, C. echinospermum P.H Davis and C. bijugum K.H. Rech) sampled across the natural
distribution range in eastern Turkey were genotyped with 194 SNPs markers. The genetic
affinities between and within the studied taxa were assessed. The analysis suggests a
mono-phyletic origin of the cultigen, with several wild accession as likely members of the
wild stock of the cultigen. Clear separation between the wild and domesticated germplasm
was apparent, with negligible level of admixture. A single C. reticulatum accession shows
morphological and allelic signatures of admixture, a likely result of introgression. No evi-
dence of geneflow from the wild into domesticated germplasm was found. The traditional
farming systems of southeaster Turkey are characterized by occurrence of sympatric
wild progenitor—domesticated forms of chickpea (and likewise cereals and other grain
legumes). Therefore, both the authentic crop landraces and the wild populations native to
the area are a unique genetic resource. Our results grant support to the notion of domestica-
tion within the natural distribution range of the wild progenitor, suggesting that the Neolithic
domesticators were fully capable of selecting the desired phenotypes even when facing
rare wild-domesticated introgression events.
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Introduction
Amajor topic in plant domestication studies concerns the issue of mono versus polyphyletic
origin of crop plants (e.g., [1]). While for certain crops like maize [2], potato [3] and sunflower
[4–6] there is a consensus around monophyletic origins, in other crops like rice this question is
being debated due to conflicting results and interpretations (e.g., [7–11]). This issue is highly
important because discussions concerning mono- or poly-phyletic origin of crop plants can
hardly be disentangled from other aspects of the multidisciplinary study of plant domestica-
tion. These include (but not limited to) the time frame, the geographic location and human ini-
tiative underlying plant domestication (e.g., [12–23]).
While early studies aimed at identification of the wild stocks of crop plants were based
mainly on classical botanic, genetic and cytogenetic tools (e.g., [1, 24–26]), the advent of
genome wide DNAmarkers screening have opened new possibilities to identify the wild stocks
of crop plants. The seminal work of Heun et al. [27] suggesting a monophyletic and localised
domestication of einkorn wheat provoked a long (over 15 years) debate concerning the mode
of origin of the Near Eastern founder crops (e.g., [14, 22, 23, 28–37]). While for certain crops
like rice and wheat the debate relies on large databases, for other crops comprehensive infor-
mation is still lacking e.g., Allaby et al. [38] for flax, and Chapman et al. [39] for safflower, or
practically non-existent for chickpea.
Most wild progenitors of the Near Eastern grain crops have quite extensive natural distribu-
tion [40, 41]. In theory, the potential for geographically diffused domestication pattern as sug-
gested by Weiss et al. [42] or Willcox [43] is greater in crops with wild progenitors spanning a
relatively wide distribution like wheat, barley, pea or lentil. However, in the case of the wild
progenitor of chickpea (Cicer reticulatum Ladizinsky) with its very limited natural range [44]
the potential for multiple domestication events is much smaller. Indeed, even the advocates of
the multiple (polyphyletic) domestication scenario in the Near East, accept that chickpea may
have been domesticated only once [33]. Still, if reconstructions based on independent embar-
kation on plant cultivation-domestication truly represent the occurrences in the Neolithic Near
East, one would expect to detect a polyphyletic signal by screening a wide range of wild and
domesticated chickpea germplasm.
In the current study, we have used an SNP based genotyping platform [45] to screen a col-
lection of wild Cicer accessions from diverse habitats across its natural range in southeastern
Turkey alongside a collection of domesticated chickpea cultivars from its major growing
regions in an attempt to trace the wild stock of domesticated chickpea. While the genetic rela-
tions between domesticated chickpea and the wild species may suggest a monophyletic origin,
the overall relatedness pattern may raise questions concerning the nature of genetic data
required for reliable detection of the ancestral wild stocks of crop plants.
Materials and Methods
Plant material and DNA isolation
A diverse germplasm set of 103 Cicer genotypes, including 57 chickpea cultivars, 32 accessions
of C. reticulatum, 7 accessions of C. echinospermum, 6 accessions of C. bijugum and one acces-
sion of C. cuneatumHochst. ex Rich. (Fig 1; S1 Table) was used for this study. Due to its unique
ecology, morphology and its remote phylogenetic relations with domesticated chickpea [46,
47] we chose C. cuneatum as an out-group. Seeds of chickpea cultivars were obtained from
ICRISAT [48] and the USDA grain legume germplasm repository, PullmanWA, USA. The cul-
tivar collection represents most major growing countries in the world. Additional domesticated
lines were chosen from our working collection. Wild Cicer accessions were obtained from
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Dr. F.J. Muehlbauer (USDA, Pullman WA, USA), from Prof. G. Ladizinsky (Hebrew Univer-
sity, Rehovot, Israel) and our working collection.
Fresh leaf tissues (~200 mg) from two months old greenhouse-grown plants were used for
DNA extraction by CTAB method, Follow RNase treatment. A NanoDrop
1
ND1000 Spectro-
photometer (NanoDrop Technologies, Inc., Wilmington, DE, USA) was used to measure the
DNA concentration.
Genotyping
The SNP markers were selected from the Chickpea KASPar (Competitive Allele Specific PCR)
Assay Markers (CKAMs) developed by Hiremath et al. [45] KBioscience (http://www.
kbioscience.co.uk). From the 2,005 CKAMs, a sub-set of 194 SNPs was identified following a
preliminary polymorphism screen to cover all eight linkage groups. The genotyping was con-
ducted at LGC Genomics.
Genetic analysis
Individual pairwise genetic distances [49] were calculated for all markers. A principal coordi-
nate analysis (PCoA) was performed on the markers data set with GENEALEX 6.5 (Genetic
Analysis in Excel) software[49]. Analysis of molecular variance (AMOVA) was employed to
estimate the variance between species and among accessions within species with 1000 boot-
strap replicates.
The consensus unrooted tree of all the 103 Cicer genotypes was calculated in order to illus-
trate the level of relatedness between genotypes. The resulting distance matrix was subjected to
sequential agglomerative hierarchical nested (SAHN) clustering using unweighted pair-group
method analysis (UPGMA) as implemented in the PowerMarker software [50]. Bootstrapping
over loci with 1000 replications was carried out to assess the strength of the evidence for the
branching patterns in the resulting UPGMA tree. The consensus UPGMA tree with bootstrap
Fig 1. Geographical locations of the sampled wild populations employed in this study.
doi:10.1371/journal.pone.0139789.g001
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values was reconstructed by the consensus program of PHYLIP (the PHYLogeny Inference
Package) and displayed using the FigTree Ver. 1.4.2 software (http://tree.bio.ed.ac.uk/software/
figtree).
The STRUCTURE 2.3.4 program [51] was used to analyse and cluster the studied geno-
types. This program implements a model-based clustering method assigning individuals to
clusters and identifying migrants and individuals resulting from admixture [51]. The number
of clusters (K) was set from 1 to 8. Each K was replicated 10 times for 10,000 iterations after a
burn-in period of 100,000. An admixture model was employed in which the fraction of ances-
try from each cluster is estimated for each species.
Results
The relationship between the domesticated and wild species
Genetic relationships among the domesticate cultivars (C. arietinum) and accessions belonging
to four wild species (C. reticulatum, C. echinospermum, C. bujugum and C. cuneatum) were
investigated by principle coordinate analysis (PCoA) constructed from the Dice similarity coef-
ficient matrix [52]. Two principal coordinates, PCo1 and PCo2, accounted jointly for 68.63%
of the allelic variation among the studied germplasm (Fig 2A). PCo1 accounted for most of the
variation (59.11%) and shows clear separation between the domesticate cultivars and the acces-
sions belonging to the four wild taxa. PCo2 explained only 9.52% of the allelic variation and
did not create any clear separation between the taxonomic groups (Fig 2A).
The STRUCTURE analysis performed with domesticated chickpea and the accessions
belonging to the four wild species is presented in Fig 2B. The probabilities of the K number of
clusters showed the best solution for K = 5 which was considerably better than K = 4, while
K6 gave only a small probability improvement. The lowest level of admixture was observed
among the domesticated cultivars (blue, Fig 2B). A very low level of admixture was observed in
C. echinospermum (for accession Ce709), and varying degrees of admixture can be seen in both
C. reticulatum and C. bijugum (Fig 2B).
A consensus UPGMA unrooted tree based on shared alleles genetic distances between all
pairwise combinations of genotypes employed in this study is depicted in Fig 3. Four promi-
nent clusters are apparent from this dendrogram tree. Generally, the detected clusters conform
to the known taxonomy of the studied material. All but two domesticated chickpea cultivars
fell into one cluster (red, Fig 3), and likewise all C. echinospermum accessions (green, Fig 3).
Similarly, all C. bijugum accessions formed one cluster (orange, Fig 3). Except from Cr25 that
occupies an intermediate position along the main branch separating the cultigen from the
wild clusters, all accessions of C. reticulatum fell into several subgroups (blue, Fig 3). One
small group consists of three accessions (Cr205, 231 and 934) holds an intermediate position
between the domesticated cultivars and the wild accessions. Another separation was caused by
the deviation of the eastern most population from the pattern of the central and western popu-
lations (Cr4-15). Another sub-grouping occurred among the central populations of C. reticula-
tum sampled near Midyat. A single accession of C. cuneatum (Cc native to the east African
highlands), taken as an out-group, captured an adjacent position near the C. bijugum cluster.
Relationship between domesticated chickpea and its wild progenitor
In order to learn more on the relationship between the domesticated chickpea genepool and
its immediate wild progenitors, we have analysed a sub set of the data that belongs to C. arieti-
num and C. reticulatum only. PCoA based on the SNP variation showed two major compo-
nents explaining jointly 63.2% of the allelic diversity between genotypes (Fig 4A). PCo1 that
accounted for 55.11% of the allelic variance and explained most of the separation between the
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wild and the domesticated germplasm. PCo2 accounted only for 8.09% of the allelic diversity
with only one C. reticulatum accession (Cr934, sampled along the Golbasi-Adiyaman road)
separated from the rest of the wild accession along this axis (Fig 4A). However, a number of
domesticated cultivars (including Ca12, 17, 24, 26 and 29, with no clear geographic pattern)
are separated from the main domesticated cluster along PCo2. The AMOVA shows that 71%
of the allelic variation was documented between the domesticated and the wild genepools. The
remaining 29% of the allelic variation was observed within the two species (Fig 4B).
Fig 2. Genetic relationships betweenCicer sp. (A) A principal coordinate (PCo) plot of pairwise individual genetic distances among four wildCicer species
and domesticated genotypes. (B) Estimated population structure based on allele frequency variation of SNPs markers. Each genotype is represented by a
vertical bar, which is partitioned into K-colored components representing the ancestry fractions in K = 5 clusters. Individual genotypes are ordered by species
(labeled below).
doi:10.1371/journal.pone.0139789.g002
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Using this sub-set of the data, the probabilities of the K number of clusters showed the best
solution for K = 3 which was considerably better than K = 2 while K4 gave only a small prob-
ability improvement. Low level of admixture was found between domesticated chickpea (blue
in Fig 4C) and its wild progenitor C. reticulatum (red and green in Fig 4C). According to the
STRUCTURE plot, a single wild accession sampled near Midyat (Cr25, Figs 1, 2B, 5A and 5B)
shows evidence suggesting admixture between wild and domesticated chickpea. Accordingly,
this accession (Cr25) holds a median position along the axis connecting the domesticated
chickpea cluster and the C. reticulatum cluster in the phylogenetic tree (Fig 3). The STRUC-
TURE grouping also shows a separation between the eastern most C. reticulatum population
(12 accessions) sampled between Sirnak and Hakkari, and the remaining populations mostly
sampled near Savur and along the Midya–Batman road (red green separation in Fig 4C).
Fig 3. Dendrogrm of Cicer sp.UPGMA dendrogram showing the cluster pattern of four wild Cicer species and domesticated chickpea based on genetic
similarity values obtained from SNPs markers. Genotypes identities can be found in S1 Table. C. arietinum (red), C. reticulatum (blue), C. bijugum (orange),
C. echinospermum (green) andC. cuneatum (yellow).
doi:10.1371/journal.pone.0139789.g003
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Discussion
Genetic relatedness
The dendrogram tree (Fig 3) provides an interesting perspective concerning the genetic
affinities between the studied species. The two wild species C. reticulatum and C. echinosper-
mum belong to the same crossability group together with the domesticated chickpea [53].
However hybridization experiments and the pattern of meiotic chromosome pairing in inter-
specific hybrids have shown that C. echinospermum is more distantly related to the domesti-
cated chickpea as compared with the wild progenitor C. reticulatum [24], thereby placing C.
echinospermum in the secondary genepool of the cultigen. This however, is not reflected in the
position of C. echinospermum and C. reticulatum relative to the domesticated accessions in the
UPGMA tree (Fig 3). Yet another interesting feature of the UPGMA tree is the relative position
of the single C. cuneatum accession (that was recruited for this analysis to serve as an out-
group) adjacent to the C. bijugum cluster. This may suggest that both species (C. bijugum and
Fig 4. Genetic relationships between wild and domesticatedCicer sp. (A) A principal coordinate (PCo) plot of pairwise individual genetic distances
among wild Cicer reticulatum and domesticatedC. arietinum genotypes. (B) Estimated population structure based on allele frequency variation of SNPs
markers. Each genotype is represented by a vertical bar, which is partitioned into K-colored components representing the ancestry fractions in K = 3 clusters.
Individual genotypes are ordered by species (labeled below).
doi:10.1371/journal.pone.0139789.g004
Evidence for Domesticated-Wild Geneflow in Chickpea
PLOS ONE | DOI:10.1371/journal.pone.0139789 October 8, 2015 7 / 15
C. cuneatum are as closely (or distantly) related to the remaining two wild taxa and likewise to
the cultigen.
These observations raise questions concerning the role commonly attributed to analyses
based on calculations of genetic distances derived from frequencies of shared allele or other
methods based on DNA sequence similarity for determining the genetic affinity of crop plants
and their wild relatives. For example, contrary to our results, based on the PCoA analysis of
Roorkiwal et al. [54] no distinction is seen between the position of the C. echinospermum acces-
sion and the remaining C. reticulatum accessions and likewise in their STRUCTURE diagram
(Fig 4, therein). In addition, and unlike our findings, the phylogenetic tree of Roorkiwal et al.
[54] shows a single C. bijugum accession (ICC17187) well within the primary genepool branch
among other C. reticulatum accessions (Fig 4, therein). So based on the work of Roorkiwal
et al.’s [54] one might get the impression that certain C. bijugum germplasm may have contrib-
uted a detectable amount allelic variation to the primary genepool of domesticated chickpea.
However, based on the documented crossability relations among the annual Cicer sp. this is
highly unlikely [53]. A recent attempt to identify the wild ancestry of domesticated lentil faced
similar problems. The results of the DNA sequence analyses have inspired Alo et al. [55] to
propose a revision of Lens sp. taxonomy including a suggestion to group together several cross-
incompatible distinct biological species as sub-specific forms into a single taxonomic unit.
Phylogenetic analyses based on DNA markers and sequence comparisons or biochemical
markers constitute a powerful biological tool and may provide deep evolutionary insights.
Often such analyses may assist in resolving germplasm misclassifications. For example, while
exploring genetic diversity among Cicer sp. Nguyen et al. [56] have noted that a single alleged
C. reticulatum accession (ATC42326) was placed away from the remaining C. reticulatum
accessions and next to C. echinospermum accessions (p. 175–176, therein). ATC42326 is identi-
cal with an accession maintained by the USDA as PI 593709 [57]. While working with this
germplasm line (Fig 3 herein, denoted Cr709) more than 10 years ago, we have noticed that its
morphology and especially its seed coat pattern do not conform to that of C. reticulatum but
rather fits the description of C. echinospermum. Indeed, in both the present study and the work
of Nguyen et al.’s [56], the DNA based dendrogram was in full match with the morphology.
Still, in other instances (mentioned above) the obtained DNA phylogenetic patterns do not
make sense regarding the known biology of the studied groups. Therefore, analyses based on
relative genetic distances should always be considered alongside and in the context additional
information including (but not limited to) morphology, crossability relations, chromosome
pairing patterns in F1 hybrids, karyotypic variation and ecological affinity (e.g., [24, 34, 58,
59]).
Genetic relationship between domesticated chickpea and its wild
progenitor
Both the PCoA and STUCTURE analyses (Fig 4A and 4C) provided a clear separation
between the domesticated chickpea cultivars and the accessions sampled across the distribution
range of the wild progenitor C. reticulatum. The overall pattern does suggest a monophyletic
origin of the cultigen (Fig 3). A small group of C. reticulatum accession [two sampled near
Savur (Cr205, 231) and one sampled near Golbasi (Cr934)] seem as likely members of the wild
stock of the domesticated cultivars. However, the placement of these three germplasm lines in
the dendrogram tree occurred at relatively low likelihood as reflected with the low bootstrap
values. It should be borne in mind that the available germplasm most probably captures only
part of the entire ecogeographic range of this species. We are aware of efforts to increase the
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number of wild Cicer accessions by various research groups. In conjunction with the rapid
accumulation of genomic sequence and polymorphism data [60–63], these efforts are likely to
create an impact in the near future. Therefore, no firm conclusions concerning the wild stock
of chickpea can be made at this stage.
Based on agronomic considerations, and the limited genetic data available at the time, Abbo
et al. [64] have pointed out the likely reasons for the relatively narrow agro-ecologic adaptation
and low genetic diversity in the domesticated chickpea genepool. These include the limited eco-
logical amplitude of the wild progenitor as well as two ancient evolutionary ‘bottlenecks’ one
presumably associated with the domestication ‘Founder Effect’ [65], and another with the
selection under domestication for vernalization insensitivity [64, 66, 67]. Indeed, the known
sites of C. reticulatum populations are situated along a rather narrow latitudinal range (Fig 1),
a likely reflection of inherent relatively narrow adaptation. Our PCoA and STRUCTURE anal-
yses (Fig 4A and 4C) strongly support the hypotheses of Abbo et al. [64] concerning the limited
diversity among both the domesticated and wild genepools of chickpea.
While some authors consider the natural distribution area (or parts of it) of the wild progen-
itors as the likely arena of Near Eastern plant domestication (e.g., [14, 40, 41, 68]), others assert
that domestication could not have been achieved within the range of the wild relatives, and
therefore must have occurred at its periphery or outside it (e.g., [33, 69]). Assumptions con-
cerning potential geneflow from the wild relatives into the nascent crops were advanced among
other arguments in support of domestication at the periphery (or outside) of the natural range
of the wild progenitor (e.g., [69]). Interestingly enough, no data was ever presented to support
or refute such suggestions concerning the Near Eastern crops. In the present work we show, for
the first time, evidence suggestive of geneflow from domesticated cultivars into wild popula-
tions in chickpea. Accession Cr25, collected near Midyat, Turkey (Fig 5A and 5B), shows con-
siderable level of admixture (Fig 4C). This accession has white flowers (Fig 5C), lightly
reticulated seed coat (Fig 5D), and its growth habit is not as prostrate as other typical C. reticu-
latum accessions (Fig 5C). These traits may have been contributed through introgression from
domesticated genotype(s). This accession has dehiscent pods and wild type germination pattern
(Fig 5C), two highly important adaptive traits among Near Eastern grain legumes [65, 70, 71]
that may explain its survival in the wild population.
White flower is certainly among the naturally occurring variation of wild Cicer spp. as evi-
dent from its occurrence in perennial Cicer sp. population documented on Mt. Kizilnora,
Uzbekistan (Fig 5E). However, white flower occurrence in a C. reticulatum population accom-
panied by lower seed coat reticulation and a considerable admixture with domesticated alleles
suggest that in this case it is more likely to have been a result of wild-domesticated introgres-
sion. Of note is a domesticated accession, Ca11 that was sampled within the distribution range
of C. reticulatum (near Ömerli) that shows no sign of wild alleles infusion and likewise other
tested Turkish accessions (listed in S1 Table).
This pattern may suggest that ancient farmers were (and likewise present day farmers are)
fully capable of maintaining the desired phenotypes of their crops despite inevitable introgres-
sions when crop plants and their wild progenitors grow sympatrically. This was elegantly dem-
onstrated in terms of asymmetric geneflow between wild and domesticated common bean [72],
and for wild-domesticated-feral Phaseolus complexes, both in Mexico [73]. Moreover, if main-
tenance of desired domesticated phenotypes is possible for a wind pollinated crop like maize
(e.g., [74–76]), this must have been much simpler for the Neolithic Near Eastern domesticators
that mostly dealt with self-pollinating annual species.
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Implication for germplasm conservation
The traditional farming systems in southeastern Turkey are situated at the ‘Core Area’ of the
Near Eastern Neolithic agriculture. In this region domesticated lentil, chickpea, bitter vetch,
and emmer wheat are grown in sympatry with their immediate wild progenitors (e.g., [41]). As
such, both the authentic landraces of the area as well as the wild populations are exposed to
Fig 5. WildCicer reticulatum accession Cr25. (A) The habitat near Midyat, Turkey where Cr25 was sampled, photographed in May 2009. (B) A mature
wildC. reticulatum plant in the source population of Cr25 on the occasion of seed sampling, June 2007. (C) Growth habit and flower colour of Cr25 as
compared with a typical C. reticulatum accession (Cr2). (D) The seed germination pattern of Cr25. Right, intact 5 months old seeds. Left, control (scarified) 5
month old seeds. (E) A perennialCicer sp. with white flowers. Photograph taken on Mt. Kizilnora, Uzbekistan, July 2005.
doi:10.1371/journal.pone.0139789.g005
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introgression events. Moreover, some of the habitats of wild relatives of the abovementioned
crop plants are in fact within arable land (e.g., [76]). This applies (but may not be limited to) C.
echinospermum and C. bijugum that have strong affinity to deep basaltic vertisols that at pres-
ent are mostly ploughed in that region, as well as to wild einkorn (Triticum boeoticum) and
wild rye (Secale sp.). Therefore, given the fact that in modern times, the size of the natural pop-
ulations is constantly being reduced relative to the permanent increase of arable land, a special
care should be taken by policy makers to ensure the existence of large enough protected areas
to enable sustainable survival of wild relatives that have patchy and thin populations (e.g.,
Pisum sp. and Cicer sp.). The potential for domesticated into wild geneflow should also be care-
fully considered in discussions concerning introduction of GM crop varieties into such vulner-
able farming systems.
Conclusions
The traditional farming systems of outheastern Turkey are characterized by occurrence of sym-
patric wild progenitor—domesticated forms of chickpea (and likewise cereals and other grain
legumes). Therefore, both the authentic crop landraces and the wild populations native to the
area are a unique genetic resource. Our results grant support to the notion of domestication
within the natural distribution range of the wild progenitor, suggesting that the Neolithic
domesticators were fully capable of selecting the desired phenotypes even when facing rare
wild-domesticated introgression events.
Supporting Information
S1 Table. List of genotypes used for the current study and SNPs score.
(XLSX)
Acknowledgments
The authors deeply thank Dr. Rajeev Varshney of ICRISAT for granting permission to use his
chickpea SNP platform that was developed at LGC genomics.
Author Contributions
Conceived and designed the experiments: RvO SA AS CJC GJV HBZ ZP. Performed the exper-
iments: RvO AS RE. Analyzed the data: RvO SA ZP. Contributed reagents/materials/analysis
tools: SA AS. Wrote the paper: SA AS CJC GJV HBZ ZP.
References
1. Zohary D. Monophyletic vs. polyphyletic origin of the crops on which agriculture was founded in the
Near East. Genetic Resources and Crop Evolution. 1999; 46(2):133–42.
2. Matsuoka Y, Vigouroux Y, GoodmanMM, Sanchez G. J, Buckler E, Doebley J. A single domestication
for maize shown by multilocus microsatellite genotyping. Proceedings of the National Academy of Sci-
ences USA. 2002; 99(9):6080–4. doi: 10.1073/pnas.052125199
3. Spooner DM, McLean K, Ramsay G, Waugh R, Bryan GJ. A single domestication for potato based on
multilocus amplified fragment length polymorphism genotyping. Proceedings of the National Academy
of Sciences USA. 2005; 102(41):14694–9. doi: 10.1073/pnas.0507400102
4. Blackman BK, Scascitelli M, Kane NC, Luton HH, Rasmussen DA, Bye RA, et al. Sunflower domestica-
tion alleles support single domestication center in eastern North America. Proceedings of the National
Academy of Sciences USA. 2011; 108:14360–5. doi: 10.1073/pnas.1104853108
5. Harter AV, Gardner KA, Falush D, Lentz DL, Bye RA, Rieseberg LH. Origin of extant domesticated sun-
flowers in eastern North America. Nature. 2004; 430(6996):201–5. http://www.nature.com/nature/
journal/v430/n6996/suppinfo/nature02710_S1.html. PMID: 15241413
Evidence for Domesticated-Wild Geneflow in Chickpea
PLOS ONE | DOI:10.1371/journal.pone.0139789 October 8, 2015 11 / 15
6. Wills DM, Burke JM. Chloroplast DNA variation confirms a single origin of domesticated sunflower
(Helianthus annuus L.). Journal of Heredity. 2006; 97:403–8. doi: 10.1093/jhered/esl001 PMID:
16740625
7. Huang X, Kurata N, Wei X, Wang Z-X, Wang A, Zhao Q, et al. A map of rice genome variation reveals
the origin of cultivated rice. Nature. 2012; 490:497–501. http://www.nature.com/nature/journal/v490/
n7421/abs/nature11532.html#supplementary-information. doi: 10.1038/nature11532 PMID: 23034647
8. Kawakami S-i, Ebana K, Nishikawa T, Sato Y-i, Vaughan DA, Kadowaki K-i. Genetic variation in the
chloroplast genome suggests multiple domestication of cultivated Asian rice (Oryza sativa L.). Genome.
2007; 50:180–7. doi: 10.1139/g06-139 PMID: 17546083
9. Londo JP, Chiang Y-C, Hung K-H, Chiang T-Y, Schaal BA. Phylogeography of Asian wild rice,Oryza
rufipogon, reveals multiple independent domestications of cultivated rice,Oryza sativa. Proceedings of
the National Academy of Sciences USA. 2006; 103:9578–83. doi: 10.1073/pnas.0603152103
10. Molina J, Sikora M, Garud N, Flowers JM, Rubinstein S, Reynolds A, et al. Molecular evidence for a sin-
gle evolutionary origin of domesticated rice. Proceedings of the National Academy of Sciences USA.
2011; 108(20):8351–6. Epub 2011/05/04. doi: 10.1073/pnas.1104686108 PMID: 21536870; PubMed
Central PMCID: PMC3101000.
11. Vaughan D, Lu B-R, Tomooka N. Was Asian rice (Oryza sativa) domesticated more than once? Rice.
2008; 1:16–24. doi: 10.1007/s12284-008-9000-0
12. Tzarfati R, Saranga Y, Barak V, Gopher A, Korol AB, Abbo S. Threshing efficiency as an incentive for
rapid domestication of emmer wheat. Annals of Botany. 2013; 112:829–37. doi: 10.1093/aob/mct
PMID: 23884398
13. Peleg Z, Fahima T, Korol AB, Abbo S, Saranga Y. Genetic analysis of wheat domestication and evolu-
tion under domestication. Journal of Experimental Botany. 2011; 62:5051–61. Epub 2011/07/23. doi:
10.1093/jxb/err206 PMID: 21778183.
14. Abbo S, Lev-Yadun S, Gopher A. Agricultural origins: Centers and noncenters; A Near Eastern reap-
praisal. Critical Reviews in Plant Sciences. 2010; 29:317–28.
15. Allaby RG, Fuller DQ, Brown TA. The genetic expectations of a protracted model for the origins of
domesticated crops. Proceedings of the National Academy of Sciences USA. 2008; 105(37):13982–6.
doi: 10.1073/pnas.0803780105
16. Fuller D, Asouti E, Purugganan M. Cultivation as slow evolutionary entanglement: comparative data on
rate and sequence of domestication. Vegetation History and Archaeobotany. 2012; 21:131–45. doi: 10.
1007/s00334-011-0329-8
17. Fuller DQ, Asouti E, Purugganan MD. Erratum to: Cultivation as slow evolutionary entanglement: com-
parative data on rate and sequence of domestication. Vegetation History and Archaeobotany. 2012;
21:147–. doi: 10.1007/s00334-012-0347-1
18. Abbo S, Lev-Yadun S, Gopher A. Origin of Near Eastern plant domestication: homage to Claude Levi-
Strauss and “La Pensée Sauvage”. Genetic Resources and Crop Evolution. 2011; 58:175–9. doi: 10.
1007/s10722-010-9630-0
19. Abbo S, Lev-Yadun S, Gopher A. Plant domestication and crop evolution in the Near East: On events
and processes. Critical Reviews in Plant Sciences. 2012; 31:241–57. doi: 10.1080/07352689.2011.
645428
20. Abbo S, Lev-Yadun S, Gopher A. The ‘HumanMind’ as a common denominator in plant domestication.
Journal of Experimental Botany. 2014; 65:1917–20. Epub 2014/03/19. doi: 10.1093/jxb/eru068 PMID:
24638899.
21. Abbo S, Pinhasi van-Oss R, Gopher A, Saranga Y, Ofner I, Peleg Z. Plant domestication versus crop
evolution: a conceptual framework for cereals and grain legumes. Trends in Plant Science. 2014; 19
(6):351–60. doi: http://dx.doi.org/10.1016/j.tplants.2013.12.002 PMID: 24398119
22. Abbo S, Lev-Yadun S, Heun M, Gopher A. On the ‘lost’ crops of the neolithic Near East. Journal of
Experimental Botany. 2013; 64:815–22. doi: 10.1093/jxb/ers373 PMID: 23440172
23. Heun M, Abbo S, Lev-Yadun S, Gopher A. A critical review of the protracted domestication model for
Near-Eastern founder crops: linear regression, long-distance gene flow, archaeological, and archaeo-
botanical evidence. Journal of Experimental Botany. 2012; 63(12):4333–41. Epub 2012/06/22. doi: 10.
1093/jxb/ers162 PMID: 22717409.
24. Ladizinsky G, Adler A. The origin of chickpea Cicer arietinum L. Euphytica. 1976; 25:211–7. doi: 10.
1007/bf00041547
25. Takahashi R. The origin and evolution of cultivated barley. Advances in Genetics. 1955; 7:227–66.
http://dx.doi.org/10.1016/S0065-2660(08)60097-8.
Evidence for Domesticated-Wild Geneflow in Chickpea
PLOS ONE | DOI:10.1371/journal.pone.0139789 October 8, 2015 12 / 15
26. Zohary D. The mode of domestication of the founder crops of Southwest Asian agriculture. In: Harris
DR, editor. The Origin and Spread of Agriculture and Pastoralism in Eurasia. London: University Col-
lege of London Press; 1996. p. 142–58.
27. Heun M, Schafer-Pregl R, Klawan D, Castagna R, Accerbi M, Borghi B, et al. Site of einkorn wheat
domestication identified by DNA fingerprinting. Science. 1997; 278:1312–4. doi: 10.1126/science.278.
5341.1312
28. Fuller DQ, Willcox G, Allaby RG. Cultivation and domestication had multiple origins: arguments against
the core area hypothesis for the origins of agriculture in the Near East. World Archaeology. 2011; 43
(4):628–52. doi: 10.1080/00438243.2011.624747
29. Kilian B, Özkan H, Walther A, Kohl J, Dagan T, Salamini F, et al. Molecular diversity at 18 loci in 321
wild and 92 domesticate lines reveal no reduction of nucleotide diversity during Triticummonococcum
(Einkorn) domestication: Implications for the origin of agriculture. Molecular Biology and Evolution.
2007; 24:2657–68. doi: 10.1093/molbev/msm192 PMID: 17898361
30. Ozkan H, Brandolini A, Pozzi C, Effgen S, Wunder J, Salamini F. A reconsideration of the domestication
geography of tetraploid wheats. Theor Appl Genet. 2005; 110(6):1052–60. PMID: 15714326
31. Ozkan H, Brandolini A, Schafer-Pregl R, Salamini F. AFLP analysis of a collection of tetraploid wheats
indicates the origin of emmer and hard wheat domestication in southeast Turkey. Molecular Biology
and Evolution. 2002; 19(10):1797–801. PMID: 12270906
32. Salamini F, Ozkan H, Brandolini A, Schafer-Pregl R, Martin W. Genetics and geography of wild cereal
domestication in the Near East. Nature Reviews Genetics. 2002; 3:429–41. PMID: 12042770
33. Fuller DQ, Willcox G, Allaby RG. Early agricultural pathways: moving outside the ‘core area’ hypothesis
in Southwest Asia. Journal of Experimental Botany. 2012; 63:617–33. Epub 2011/11/08. doi: 10.1093/
jxb/err307 PMID: 22058404.
34. Abbo S, Lev-Yadun S, Ladizinsky G. Tracing the wild genetic stocks of crop plants. Genome. 2001;
44:309–10. doi: 10.1139/g01-008 PMID: 11444687
35. Allaby RG, Brown TA. AFLP data and the origins of domesticated crops. Genome. 2003; 46(3):448–53.
doi: 10.1139/g03-025 PMID: 12834061
36. Allaby RG, Brown TA. Reply to the comment by Salamini et al. on "AFLP data and the origins of domes-
ticated crops". Genome. 2004; 47(3):621–2. doi: 10.1139/g04-012
37. Badr A, M K, Sch R, Rabey HE, Effgen S, Ibrahim HH, et al. On the origin and domestication history of
barley (Hordeum vulgare). Molecular Biology and Evolution. 2000; 17:499–510. PMID: 10742042
38. Allaby R, Peterson G, Merriwether D, Fu Y-B. Evidence of the domestication history of flax (Linum usi-
tatissimum L.) from genetic diversity of the sad2 locus. Theor Appl Genet. 2005; 112:58–65. doi: 10.
1007/s00122-005-0103-3 PMID: 16215731
39. ChapmanMA, Hvala J, Strever J, Burke JM. Population genetic analysis of safflower (Carthamus tinc-
torius; Asteraceae) reveals a Near Eastern origin and five centers of diversity. American Journal of Bot-
any. 2010; 97:831–40. doi: 10.3732/ajb.0900137 PMID: 21622448
40. Lev-Yadun S, Gopher A, Abbo S. The cradle of agriculture. Science. 2000; 288:1602–3. doi: 10.1126/
science.288.5471.1602 PMID: 10858140
41. Zohary D, Hopf M, Weiss E. Domestication of Plants in the Old World: The origin and spread of domes-
ticated plants in Southwest Asia, Europe, and the Mediterranean Basin. 4th edition. Oxford, UK:
Oxford University Press; 2012.
42. Weiss E, Kislev ME, Hartmann A. Autonomous cultivation before domestication. Science. 2006;
312:1608–10. doi: 10.1126/science.1127235 PMID: 16778044
43. Willcox G. The distribution, natural habitats and availability of wild cereals in relation to their domestica-
tion in the Near East: multiple events, multiple centres. Vegetation History and Archaeobotany. 2005;
14(4):534–41.
44. Ladizinsky G. Chickpea. In: Smartt J, Simmonds NW, editors. Evolution of Crop Plants, 2nd edition.
Harlow, UK: Longman Scientific & Technical; 1995. p. 258–61.
45. Hiremath PJ, Kumar A, Penmetsa RV, Farmer A, Schlueter JA, Chamarthi SK, et al. Large-scale devel-
opment of cost-effective SNPmarker assays for diversity assessment and genetic mapping in chickpea
and comparative mapping in legumes. Plant Biotechnology Journal. 2012; 10:716–32. doi: 10.1111/j.
1467-7652.2012.00710.x PMID: 22703242
46. van der Maesen LJG. Cicer L., a monograph of the genus, with special reference to the chickpea (Cicer
arietinum L.), its ecology and cultivation. Wageningen: Veenman; 1972.
47. van der Maesen LJG, Maxted N, Javadi F, Coles S, Davies AMR. Taxonomy of the genusCicer revis-
ited. In: Yadav SS, Redden R, ChenW, Sharma B, editors. Chickpea Breeding and Management. Wal-
lingford: CAB Int.; 2007. p. 14–46.
Evidence for Domesticated-Wild Geneflow in Chickpea
PLOS ONE | DOI:10.1371/journal.pone.0139789 October 8, 2015 13 / 15
48. Pundir RPS, Reddy KN, Melak MH. ICRISAT chickpea germplasm catalog: Evaluation and analysis.
Patancheru, India International Crops Research Institute for the Semi-arid Tropics; 1988.
49. Peakall ROD, Smouse PE. GENALEX 6: Genetic analysis in Excel. Population genetic software for
teaching and research. Molecular Ecology Notes. 2006; 6:288–95. doi: 10.1111/j.1471-8286.2005.
01155.x
50. Liu K, Muse SV. PowerMarker: an integrated analysis environment for genetic marker analysis. Bioin-
formatics. 2005; 21(9):2128–9. doi: 10.1093/bioinformatics/bti282 PMID: 15705655
51. Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype
data. Genetics. 2000; 155:945–59. PMID: 10835412
52. Dice LR. Measures of the amount of ecologic association between species. Ecology. 1945; 26:297–
302. doi: 10.2307/1932409
53. Ladizinsky G, Adler A. Genetic relationships among the annual species ofCicer L. Theor Appl Genet.
1976; 48:197–203. doi: 10.1007/BF00527371 PMID: 21369916
54. Roorkiwal M, vonWettberg EJ, Upadhyaya HD, Warschefsky E, Rathore A, Varshney RK. Exploring
germplasm diversity to understand the domestication process inCicer spp. using SNP and DArT mark-
ers. PLoS ONE. 2014; 9:e102016. doi: 10.1371/journal.pone.0102016 PMID: 25010059
55. Alo F, Furman BJ, Akhunov E, Dvorak J, Gepts P. Leveraging genomic resources of model species for
the assessment of diversity and phylogeny in wild and domesticated lentil. Journal of Heredity. 2011;
102:315–29. doi: 10.1093/jhered/esr015 PMID: 21454287
56. Nguyen TT, Taylor PWJ, Redden RJ, Ford R. Genetic diversity estimates in Cicer using AFLP analysis.
Plant Breeding. 2004; 123(2):173–9. doi: 10.1046/j.1439-0523.2003.00942.x
57. Berger J, Abbo S, Turner NC. Ecogeography of annual wild cicer species. Crop Science. 2003; 43
(3):1076–90. doi: 10.2135/cropsci2003.1076
58. Ladizinsky G. Identification of the lentil's wild genetic stock. Genetic Resources and Crop Evolution.
1999; 46(2):115–8. doi: 10.1023/a:1008626128871
59. Ladizinsky G, Abbo S. The Lens Genus. The Search for Wild Relatives of Cool Season Legumes.
SpringerBriefs in Plant Science: Springer International Publishing; 2015. p. 1–28.
60. Bajaj D, Das S, Badoni S, Kumar V, Singh M, Bansal KC, et al. Genome-wide high-throughput SNP dis-
covery and genotyping for understanding natural (functional) allelic diversity and domestication pat-
terns in wild chickpea. Scientific Reports. 2015; 5:12468. doi: 10.1038/srep12468 http://www.nature.
com/articles/srep12468#supplementary-information. PMID: 26208313
61. Parween S, Nawaz K, Roy R, Pole AK, Venkata Suresh B, Misra G, et al. An advanced draft genome
assembly of a desi type chickpea (Cicer arietinum L.). Scientific Reports. 2015; 5:12806. doi: 10.1038/
srep12806 http://www.nature.com/articles/srep12806#supplementary-information. PMID: 26259924
62. Misra G, Priya P, Bandhiwal N, Bareja N, Jain M, Bhatia S, et al. The chickpea genomic web resource:
visualization and analysis of the desi-type Cicer arietinum nuclear genome for comparative exploration
of legumes. BMC Plant Biology. 2014; 14(1):1–14. doi: 10.1186/s12870-014-0315-2
63. Varshney RK, Song C, Saxena RK, Azam S, Yu S, Sharpe AG, et al. Draft genome sequence of chick-
pea (Cicer arietinum) provides a resource for trait improvement. Nature Biotechnology. 2013; 31:240–
6. doi: 10.1038/nbt.2491 PMID: 23354103
64. Abbo S, Berger J, Turner NC. Evolution of cultivated chickpea: Four bottlenecks limit diversity and con-
strain adaptation. Functional Plant Biology. 2003; 30:1081–7. http://dx.doi.org/10.1071/FP03084.
65. Ladizinsky G. Founder effect in crop-plant evolution. Economic Botany. 1985; 39(2):191–9.
66. Abbo S, Lev-Yadun S, Galwey N. Vernalization response of wild chickpea. New Phytologist. 2002;
154:695–701. doi: 10.1046/j.1469-8137.2002.00405.x
67. Abbo S, Shtienberg D, Lichtenzveig J, Lev-Yadun S, Gopher A. The chickpea, summer cropping, and a
new model for pulse domestication in the ancient Near East. The Quarterly Review of Biology. 2003;
78:435–48. doi: 10.1086/378927 PMID: 14737827
68. Harlan JR, Zohary D. Distribution of wild wheats and barley. Science. 1966; 153:1074–80. doi: 10.
1126/science.153.3740.1074 PMID: 17737582
69. Allaby R. Integrating the processes in the evolutionary system of domestication. Journal of experimen-
tal Botany. 2010; 61:189–228. doi: 10.1093/jxb/erp382
70. Ladizinsky G. Pulse domestication before cultivation. Economic Botany. 1987; 41(1):60–5. doi: 10.
1007/bf02859349
71. Ladizinsky G. Lentil domestication: On the quality of evidence and arguments. Economic Botany. 1993;
47(1):60–4.
Evidence for Domesticated-Wild Geneflow in Chickpea
PLOS ONE | DOI:10.1371/journal.pone.0139789 October 8, 2015 14 / 15
72. Papa R, Gepts P. Asymmetry of gene flow and differential geographical structure of molecular diversity
in wild and domesticated common bean (Phaseolus vulgaris L.) fromMesoamerica. Theor Appl Genet.
2003; 106:239–50. doi: 10.1007/s00122-002-1085-z PMID: 12582849
73. Zizumbo-Villarreal D, Colunga-GarcíaMarín P, de la Cruz EP, Delgado-Valerio P, Gepts P. Population
structure and evolutionary dynamics of wild–weedy–domesticated complexes of common bean in a
Mesoamerican region. Crop Science. 2005; 45:1073–83. doi: 10.2135/cropsci2004.0340
74. Wilkes HG. Hybridization of maize and teosinte, in Mexico and guatemala and the improvement of
maize. Economic Botany. 1977; 31:254–93. doi: 10.1007/bf02866877
75. Hufford MB, Lubinksy P, Pyhäjärvi T, Devengenzo MT, Ellstrand NC, Ross-Ibarra J. The genomic sig-
nature of crop-wild introgression in maize. PLoS Genetics. 2013; 9:e1003477. doi: 10.1371/journal.
pgen.1003477 PMID: 23671421
76. Abbo S, Can C, Lev-Yadun S, Ozaslan M. Traditional farming systems in south-eastern Turkey: the
imperative of in situ conservation of endangered wild annualCicer species. In: Maxted N, Ford-Lloyd
BV, Kell SP, Iriondo JM, Dulloo ME, Turok J, editors. CropWild Relative Conservation and Use: CAB
International; 2008. p. 243–8.
Evidence for Domesticated-Wild Geneflow in Chickpea
PLOS ONE | DOI:10.1371/journal.pone.0139789 October 8, 2015 15 / 15
